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XPS Study of Superconducting LiTi
In this work X-ray photoelectron studies of lithium titanate and copper doped lithium titanate are presented. Both, powder and thin lms samples were prepared by solgel method. After preparation, the samples were heated in argon atmosphere at various temperatures in a range from 500
• C to 600
• C for 20 h. The crystalline structure of the samples was investigated by X-ray diraction, while the oxidation states of the elements were examined by X-ray photoelectron spectroscopy method. X-ray diraction measurements conrmed spinel phase of all manufactured samples. However it is well known that electrical and superconducting properties of lithium titanate are strongly correlated not only with structure, but also with oxidation state of Ti ions. X-ray photoelectron spectroscopy investigations revealed mixture of , average valence of titanium reaches a value of 4, metalinsulator transition is observed and the system does not go into the superconducting state [1, 2] . In general, it may be possible that in lithium titanate, the change in the average valence of titanium ions in octahedral sites, dominates electrical properties (e.g. metalsemiconductor or metalinsulator transition). The change in average valence may be also caused by replacement of Ti ions by various elements. It was reported that in all the cases in which the substitution results in an increase of the valence of the titanium ions (e.g. doping by Cr, Al, Mg, Mn, or Cu), the transition from metallic to semiconductor behavior occurs at a titanium average valence of 3.603.64 [3] . Many scientic attention have been also devoted to the inuence of Ti ions substitution on superconducting properties and critical temperatures of doped lithium titanate. It was found that doping by Al [4] , B [5] , Co [5] , Cr [4, 7, 8] , Ge, Mn [9] , Ni [5] or V [5] ions have no eect in enhancement of T c .
* corresponding author; e-mail: mlapinski@mif.pg.gda.pl Only Cu dopant gives hope to increase the transition temperature [3] . LiTi 2−x Cu x O 4 samples that contained up to x = 0.15 were metallic and exhibited superconducting transition.
Lithium titanate is usually manufactured by solid state reaction method. There is only a little known about possibilities of preparation of lithium titanate with sol--gel route [10, 11] , which has a great potential for many materials manufacturing. This chemical procedure allows to obtain materials with precisely controlled chemical composition. Additionally, in comparison with other methods, this one is relatively cheap, simple and does not require high vacuum equipment and high temperature [10, 12] . In this work X-ray photoelectron spectroscopy (XPS) studies of lithium titanate and copper doped lithium titanate prepared by solgel method are presented.
Experimental
For solgel synthesis lithium acetate dehydrate from Alfa Aesar and titanium(IV) butoxide 97% from Aldrich were used as reagents. Additionally, copper(II) nitrate from Alfa Aesar was used as a source of Cu dopant. Considering the easy evaporation of lithium ions during manufacturing and annealing process [1315], lithium and titanium precursors were added in proper amount for obtained Li/Ti ratio equal to 1 2 , 2 and 3 in solution [16, 17] . Amount of copper precursor was calculated for LiTi 2−x Cu x O 4 solution with an x index equal to 0.05. In the rst step lithium acetate and copper nitrate was dissolved completely in ethanol using magnetic stirrer. After that titanium(IV) butoxide was added. Prepared sol was mixed by magnetic stirrer at room temperature for 10 min until it has transformed into homogeneous sol. To obtain thin lms, the sol was deposited on a silica glass substrate by a spin coating technique at a rate (A-107) A-108 of 100 rps. After that samples were dried at 100
• C for 20 h in argon atmosphere. Repeating the above procedure three times gave (after the subsequent annealing) approximately 450 nm thick lms. The thickness of the samples was determined using prolometer. The lms were nally calcinated in argon atmosphere for 20 h at 550
• C. To prepare xerogel powders, sol was left for seven days in air and room temperature to evaporate the solvent, subsequently dried and calcinated in the same conditions as the lms. In a result of above procedure, obtained dark grey powder was compressed into pellets.
The structure of the samples was examined by X-ray diraction (XRD) with Philips X'Pert diractometer system. XRD patterns were taken at room temperature using Cu K α radiation in a range of 10
• 70
• of 2θ. XPS spectra were recorded with a multipurpose electron spectrometer PHI 5700/660 from Physical Electronics using monochromatized Al K α radiation. The anode was operated at 15 kV and 225 W. Low and high resolution spectra were measured. The binding energies were corrected using the background C 1s line (285.0 eV) as a reference [18] . MultiPak program was used to t high-resolution spectra. Mixed Gaussian and Lorentzian functions and Shirley background were applied. 3 . Results and discussion XRD patterns of manufactured lms, when initial Li/Ti ratio was equal to 1 2 , 2 and 3 in solution are shown in Fig. 1 . All investigated coatings revealed presence of lithium titanate spinel phase, but the best Li/Ti ratio for obtaining Li 1 Ti 2 O 4 spinel structure seems to be 2. Similar results were collected for powders. Also the sample doped with copper LiTi 2−x Cu x O 4 (x = 0.05) exhibits pure lithium titanate spinel phase, due to successful substitution of Ti by Cu 2+ ions. Fig. 1 . XRD patterns of thin lms, when initial Li/Ti ratio in solution was equal to (a) 1 2 , (b) 2 and (c) 3.
In Fig. 2ac XPS spectra of LiTi 2 O 4 lms (Li/Ti initial ratio equal to 2) are presented. In O 1s region (Fig. 2a) , apart from the peak in position 529.76 eV, reported to metal oxides, also peak at energy 531.68 eV is present. The last one may be attributed to H 2 O rests, resulted from solgel preparation method. Figure 2b shows two peaks at energies 55.11 eV and 62.40 eV. The rst one is associated to Li 1s, whereas the higher energy peak corresponds to Ti 3s. In presented in Fig. 2c Ti 2p region, two doublets are observed. The doublet at energies 458.55 eV (Ti 2p 3/2 ) and 464.17 eV (Ti 2p 1/2 ) is attributed to Ti 4+ ions, the doublet at energies at 456.94 eV (Ti 2p 3/2 ) and 462.94 eV (Ti 2p 1/2 ) is associated to Ti 3+ ions. Positions of these doublets are similar to those given in literature [1921] . As it was mentioned previously, in spinel LiTi 2 O 4 structure exhibiting superconducting properties, Ti 3+ /Ti 4+ ratio should be ≈ 1/2.
In present LiTi 2 O 4 lms, this ratio is ≈ 0.047 and as it is seen in Fig. 3 increases with the increase of initial Li/Ti ratio. However, the reason for this increase is not clear. Usually Ti 3+ ions are correlated with surface defects [19] . In the case of presented lms, defects may be introduced together with an increased amount of lithium than that resulting from stoichiometry. Ti 3+ ions are not seen in powder samples doped with copper ions LiTi 2−x Cu x O 4 (x = 0.05) (Fig. 4a) . This may be related to the substitution of copper ions in titanium positions. As it was shown by Faran et al. [3] , Ti substitution by Cu ions results in an increase of the average valence of Ti ions. So when the initial amount of Ti 3+ ions in the samples was low, the doping by Cu ions could cause a total loss of their. Presence of copper ions in the samples is seen in Fig. 4b (Cu 2p region) . Peaks at energy positions 932.00 eV and 941.50 eV are close to those reported for copper oxides, conrming successful substitution of Ti by Cu 2+ ions.
Conclusions
Presented results show that proposed solgel method can be successfully used to produce lithium titanate and copper doped lithium titanate layers and powders. Observed in XPS studies Ti 3+ /Ti 4+ ratio increases in the samples with the increase of initial Li/Ti ratio, which can be correlated with defects introduced with higher (than stoichiometric) lithium quantity. Unfortunately, all the samples (lms and bulk powders) exhibit lower Ti 3+ /Ti 4+ ratio than that is needed for superconductivity. The results obtained for Cu doped sample conrm successful substitution of Ti by Cu ions, although this substitution results in an increase of the average valence of Ti ions.
